Introduction
============

Non-small cell lung cancer (NSCLC), accounts for approximately 85% of lung cancer, is still a big challenge worldwide [@B1]. Despite the improvement in therapeutic strategies, the overall survival of NSCLC patients yet remains at a low level which is predominantly attributed to tumor metastasis [@B2]. Therefore, identifying novel mechanisms that underlie the invasion and metastasis of NSCLC are clearly warranted.

Protein S-nitrosylation (SNO) is a nitric oxide-dependent post-translational modification of cysteine, which is an important regulator of cellular functions [@B3]. In eukaryotic cells, NOS family proteins, especially inducible NOS (iNOS; NOS2) [@B4], are the major endogenous nitric oxide (NO) donors, which contribute to cellular S-nitrosylation. In the lung microenvironment, endogenous or exogenous insults such as silica, smoking, and bronchitis, which result in a chronic inflammatory state, are major risk factors for carcinogenesis [@B5]. Numerous pro-inflammatory and anti-inflammatory cytokines (e.g., tumor necrosis factor alpha (TNF-α), interleukin (IL)-1β, IL-6 and interferon-γ (IFN-γ) [@B6], [@B7]) caused by the complex pulmonary microenvironment can induce excessive iNOS and high efflux of NO in alveolar macrophages and pulmonary epithelial cells. This pathologically high levels of iNOS/NO can promote protein-SNO, which is involved in multiple biological processes of cancer [@B8], for example, NO stress plays a role in promoting tumor growth through DNA damage and genome instability [@B9]. However, the relationship between protein-SNO and lung cancer aggressive properties remains unclear.

Ezrin is a member of ezrin-radixin-moesin (ERM) family, a class of membrane-cytoskeleton linker proteins. ERM proteins locate in cellular structures where the plasma membrane proteins interact with the actin cytoskeleton and maintain the structural stability and cortical integrity of cells [@B10]. In NSCLC, ezrin expression is higher in the primary cancer tissues than in matched normal lung tissues [@B11], and the abnormal expression of ezrin is associated with higher metastatic potential and lower patient survival [@B12]. Possessing two cysteine residues, ezrin is thought to be capable for nitrosylation modification. However, the physiological or pathological role of ezrin-SNO remains to be elucidated.

Mechanical forces are involved in ubiquitous biological processes [@B13], but the underlying mechanical mechanism in cancer motility remains incompletely understood. As a linker protein, ezrin functions to transduce mechanical signal from the membrane to the cytoskeleton and is involved in multiple cellular processes especially in cancer invasion and metastasis [@B12], [@B14]. However, whether ezrin-SNO regulates ezrin\'s mechanical properties and NSCLC aggressiveness remains to be clarified.

In the present study, we investigated the mechanisms underlying iNOS mediated ezrin-SNO and its relationship with NSCLC aggressiveness. In addition, using a newly designed ezrin tension probe based on the Förster resonance energy transfer (FRET) theory, we observed real-time ezrin tension changes during tumor progression visually and reveal the role of ezrin-SNO in modulating the mechanical property of ezrin during NSCLC cells invasion and metastasis.

Methods
=======

Cell Culture
------------

The A549 cell line was acquired from the American Type Culture Collective (ATCC) (Manassas, Virginia, USA) and authenticated by Genetic Testing Biotechnology Corporation (Suzhou, China) using short tandem repeat (STR) profiling. Mycoplasma contamination was tested using the Mycoplasma Plus PCR Primer Set (Agilent, Santa Clara, USA) and were found to be negative. Cells were cultured in Dulbecco\'s Modified Eagle\'s Medium (Gibco, New York, USA) containing 10% fetal bovine serum (Gibco, New York, USA) and a mixture of 100 units/mL penicillin and 100 μg/mL streptomycin (Gibco) at 37 °C and 5% CO~2~.

Antibodies and Reagents
-----------------------

Commercially available antibodies included: ezrin (Cell Signaling Technology, Danvers, USA); β-actin (Boster, Wuhan, China); α-tubulin (Boster); NOS2 (Immunoway, Wuhan, China). Secondary anti-rabbit and anti-mouse antibodies (Cell Signaling Technology), human IL-6 (Bioss, Beijing, China); human IFN-γ (NOVUS, Colorado, USA); 1400W (Beyotime, Shanghai, China); L-N^G^-monomethyl arginine citrate (L-NMMA) (Beyotime); C-X-C motif chemokine 12 (CXCL12) (Peprotech, Rocky Hill, USA); (-)-blebbistatin (MCE, New Jersey, USA); ispinesib (Selleck, Houston, USA); nocodazole (MCE); cytochalasin B(Aladdin, Shanghai, China); E.Z.N.A Endo-free Plasmid DNA Mini Kit II (OMEGA, Doraville, USA); S-nitrosylated Protein Detection Kit(Cayman, Michigan, USA); X-tremeGENE HP DNA transfection reagent (Roche, Basel, Switzerland); geneticin (Sigma, Darmstadt, Germany); Protein A/G PLUS-agarose bead (Santa Cruz Biotechnology, CA, USA);and basement membrane matrix (Corning, New York, USA).

Immunoprecipitation
-------------------

Cells were grown in complete medium overnight, treated with IL-6 (10 ng/mL), IFN-γ (50 ng/mL) and a cytokine mixture (IL-6, 10 ng/mL; IFN-γ, 50 ng/mL) for 12 h. Cell lysates were incubated with anti-ezrin antibodies and immunoprecipitated with Protein A/G -agarose beads overnight. Immunoprecipitates were denatured by boiling in loading buffer and then cooled down before western-blotting analysis.

Western blotting
----------------

Cell lysates were denatured by boiling in loading buffer. SDS-PAGE was performed, and proteins were transferred to nitrocellulose membranes (Bio-Rad, California, USA). After blocking in 5% non-fat milk for 1 h, the membranes were incubated with mouse- or rabbit-derived primary antibodies overnight and then with homologous secondary antibodies. Immunoreactive bands were visualized using enhanced chemiluminescence (Bio-Rad). Densitometric analysis was performed for normalization.

Immunofluorescence
------------------

Cells were grown on a glass bottomed cell culture dish. After adequate fixture and permeabilization, all the samples were blocked in 4% bovine serum albumin. Subsequently, the samples were incubated with mouse- or rabbit-derived primary antibodies, followed by fluorescein isothiocyanate (FITC)-conjugated or tetramethylrhodamine (TRITC)-conjugated homologous secondary antibodies. 4, 6-diamidino-2-phenylindole (DAPI) was used for DNA staining. To detect microfilament morphology, samples was additionally incubated with FITC-conjugated phalloidin. The samples were imaged under an inverted fluorescence microscope.

Detection of protein-SNO by immunoprecipitation
-----------------------------------------------

Protein-SNO was detected using S-nitrosylated Protein Detection Kit (Cayman) with slight modifications. Briefly, according to the manufacturer\'s procedure, cells were lysed in lysate buffer containing the thiol-specific methylthiolating reagent (methyl methanethiosulfonate, MMTS) to block free reactive thiol groups. The supernatants were transferred to a new polypropylene tube after centrifugation and subjected to acetone precipitation to remove free MMTS. Buffers containing reducing and labeling reagents (biotin-HPDP and ascorbic acid sodium salt) were used to resuspend the pellets in order to switch the SNO site into biotin-tag. Acetone precipitation was performed again to remove free biotin-HPDP, and the pellets were stored for immunoprecipitation-based ezrin-SNO analysis. Next, NP-40 lysis buffer was used to dissolve the protein pellets, followed by anti-ezrin immunoprecipitation to analyze ezrin-SNO levels. A preliminary experiment was performed to normalize the total ezrin level. Subsequently, total ezrin (by HPR-conjugated secondary antibody) and ezrin-SNO (by HPR-conjugated Avidin) were detected respectively. Control experiments were performed by omission of the reducing and labeling reagents.

Clinical samples and Kaplan-Meier survival analysis
---------------------------------------------------

Fresh lung cancer tissue samples and adjacent normal tissues were obtained by surgery from the Thoracic Surgery Department of Affiliated Hospital of Nanjing University of Chinese Medicine (Nanjing, China). Informed consent was obtained from all patients and ethical approvals for this study were obtained from the Institutional Review Board of Human Research of the Affiliated Hospital of Nanjing University of Chinese Medicine. The clinical features of the patients are listed in Table [S1](#SM0){ref-type="supplementary-material"}. For the survival analyses, data were obtained from the Kaplan-Meier plotter database, and all the patients were sorted into different groups and tested for significance using log-rank tests.

Cell invasion and migration assays
----------------------------------

The transwell apparatus (Corning, New York, USA) was pre-coated with 50 μL of matrigel solution in upper chamber. A549 cells (2 × 10^5^) were starved overnight and seeded into the upper chamber in serum-free medium, and medium supplemented with 20% FBS was added to the bottom chamber. After 24 h of incubation, the cells invading into the lower membrane surface were fixed and stained with 0.4% crystal violet. Typical images of invading cells were obtained for statistical analysis. The migration assay was similar to the invasion assay, except for pre-coating with matrigel.

Small interfering RNA (siRNA) design and plasmid construction
-------------------------------------------------------------

The siRNA targeting ezrin was constructed by Sangon Biotech Co., Ltd (Shanghai, China). The oligonucleotides were:

Sense: 5\'-GUGAAGGAAGGAAUCCUUATT-3\'.

Antisense: 5\'-UAAGGAUUCCUUCCUUCACTT-3\'.

The pEGFP-N1 ezrin plasmid was purchased from Addgene (\#20680). Based on the plasmid obtained, the newly constructed ezrin mutation and FRET-based sensor were structured according previous reports [@B15]. Ezrin Cys^117^ and Cys^248^ were mutated into serine for nitrosylation experiments. According to previous principles [@B16], we constructed an angular-dependent FRET tension sensor with circularly permutated cpVenus and cpCerulean (cpstFRET), which was inserted between Pro^470^ and Pro^471^ of ezrin. Plasmids were extracted from single colonies and purified according to the manufacturer\'s instructions.

Stable cell line development and xenograft studies
--------------------------------------------------

A549 cells expressing GFP-tagged wild type ezrin, ezrin-C117S or ezrin-C248S were cultured in medium containing 1000 mg/mL geneticin to screen transfected cells for 7 days. The remaining cells were then subcultured in 500 mg/mL of geneticin for 15 days and then checked cell fluorescence. If 80-90% of the cells were fluorescent, we used these lines for xenograft studies.

Twenty-four female BALB/c nude mice (16-18 g, six-weeks old) were obtained from the Institute of Comparative Medicine of Yangzhou University (Yangzhou, China) and maintained under specific pathogen-free conditions at Nanjing University of Chinese medicine. The mice were randomly assigned to three groups (ezrin-WT ezrin-C117S, and ezrin-C248S).

For each group, 1 × 10^6^ screened cells were resuspended in 50 μL of medium containing 10 μL of matrigel and injected into the pleural cavity. Lung nodules and cancer progression were monitored and quantified using ChemStudio PLUS (Jena, Jena, Germany) at different time points. Mice were sacrificed at day 28, and systemic organs were immediately resected for ex vivo evidence of metastatic signals. The lungs and livers of these mice were sent for H&E staining, the lung and liver nodules in serial sections were quantified microscopically.

FRET analysis
-------------

We constructed stable single cloning cell lines expressing ezrin, ezrin-C117S, or ezrin-C248S FRET probes, as previous reported [@B16]. Thereafter, FRET image acquisition was performed on inverted fluorescence microscope equipped with a ×63 oil-immersion objective. The emission spectra were sorted using dual-view-2 (DV-2, MAG Biosystems) so that the cyan and yellow emission wavelengths were detected at the same time (The excitation wavelength (EX) = 436 nm and the emission wavelength (EM) = 535/30 nm for CFP detection and 470/30 nm for YFP detection). The dipole angle between the donor/CFP and the acceptor/YFP determined the effectiveness of FRET. CFP/FRET ratios (the intensity of CFP channel divide the intensity of FRET channel) are positively correlated with FRET efficiency but negatively correlated with force [@B15], [@B16].

Statistical analysis
--------------------

Data analysis was performed using the statistical program SPSS statistics version 20 (IBM Corp., Armonk, NY, USA). Results are presented as the mean ± SD unless otherwise indicated. Statistical analyses were performed using two-tailed Student\'s t-test and one-way analysis of variance (ANOVA) was used for single-factor sample comparisons between multiple groups.

Results
=======

Ezrin and iNOS expression is associated with prognosis of patients with NSCLC with elevated ezrin-SNO levels in NSCLC tissues
-----------------------------------------------------------------------------------------------------------------------------

To investigate the association between levels of ezrin and iNOS co-expression and the prognosis of patients with NSCLC, we searched the Kaplan-Meier plotter database [@B17] for clinical data. 524 patients with lung squamous carcinoma and 720 patients with lung adenocarcinoma patients were sorted into EZR(L)NOS2(L), EZR(L)NOS2(H), EZR(H)NOS2(L) and EZR(H)NOS2(H) (L, low expression; H, high expression) groups. Kaplan-Meier survival analysis showed that there was no significant difference in overall survival among the four groups of patients with lung squamous carcinoma (Figure [1](#F1){ref-type="fig"}A-B). However, lung adenocarcinoma patients with either high ezrin or high iNOS expression had shorter overall survival than those with low expression of both ezrin and iNOS (Figure [1](#F1){ref-type="fig"}A-B). We then analyzed the ezrin-SNO level of 20 patients with NSCLC (Table [S1](#SM0){ref-type="supplementary-material"}) by biotin-switch assay according to the manufacturer\'s procures (Cayman). The results showed that ezrin-SNO level was elevated significantly in NSCLC samples compared with the paired normal lung tissues (Figure [1](#F1){ref-type="fig"}C-D, Figure [S1](#SM0){ref-type="supplementary-material"}A). This finding suggested a positive correlation of ezrin-SNO with NSCLC.

High iNOS levels are required for ezrin-SNO-related metastasis and invasion in the inflammatory microenvironment of NSCLC
-------------------------------------------------------------------------------------------------------------------------

Among the cytokines in inflammatory microenvironment of human NSCLC, abundant IL-6 [@B18] and IFN-γ [@B6] are two major inducers of iNOS in lung cancer microenvironment. Next, a cytokine mixture (CM), consisting of IL-6 and IFN-γ, was applied as a cellular iNOS inducer to stimulate a high iNOS inflammatory conditions for protein S-nitrosylation. The transwell assay showed that A549 cells stimulated with IL-6 or IFN-γ or the CM promoted cell invasion and migration compared with blank control (Figure [2](#F2){ref-type="fig"}A-B). Meanwhile, iNOS-specific inhibitor 1400W significantly inhibited this effect (Figure [2](#F2){ref-type="fig"}A-B). Co-immunoprecipitation and western blotting assay showed a synergistic effect of IL-6 and IFN-γ in activation of iNOS and its interaction with ezrin (Figure [S1](#SM0){ref-type="supplementary-material"}C-E). Ezrin S-nitrosylation detection illustrated that both IL-6 and IFN-γ increased ezrin-SNO levels compared with blank control and the CM increased ezrin-SNO levels in a time-dependent manner. Furthermore, 1400W and nonselective NOS inhibitor L-NMMA reduced the basal ezrin-SNO level in A549, and 1400W significantly inhibited the up-regulation of the ezrin-SNO by CM stimulation (Figure [2](#F2){ref-type="fig"}C-H, Figure [S1](#SM0){ref-type="supplementary-material"}B). Notably, since co-treatment of both IL-6 and IFN-γ induced levels of iNOS and consequently an up-regulation of ezrin-SNO, cells in the CM group were more aggressive than those treated with IL-6 or IFN-γ alone. Meanwhile, when the basal ezrin-SNO was down-regulated by the iNOS inhibitor, the aggressiveness of A549 cells was also restrained. These results indicated that cytokines could induce iNOS activation and then increase ezrin-SNO levels, which correlated closely with the malignant behavior of NSCLC.

Cys^117^ is the key site of ezrin S-nitrosylation contributing to aggressive phenotype of NSCLC in inflammatory milieu
----------------------------------------------------------------------------------------------------------------------

Ezrin has two cysteine residues (Cys^117^ and Cys^248^); therefore, 3 ezrin mutated plasmids (ezrin-C117S, ezrin-C248S and ezrin-both) were constructed to investigate SNO sites of ezrin. The results of the biotin-switch assay indicated that ezrin-C117S and ezrin-both A549 cells dramatically down-regulated the ezrin-SNO levels in the presence or absence of CM stimulation, while ezrin-C248S cells maintained the same level of ezrin-SNO as the wild-type group (Figure [3](#F3){ref-type="fig"}A-B). In addition, transwell assay revealed that ezrin-C117S and ezrin-both A549 cells displayed attenuated aggressiveness, while ezrin-C248S cells were very aggressive, which were similar to wild-type cells (Figure [3](#F3){ref-type="fig"}C-D), suggesting that the nitrosylation of ezrin on Cys^117^ were correlated with A549 invasion and migration. Fluorescent staining showed that, A549 cells with ezrin-C117S inhibited the function of ezrin for membrane recruitment [@B19]. However, mutation of Cys^248^ did not change ezrin binding to the cell membrane (Figure [3](#F3){ref-type="fig"}E, white arrows). For the MF and MT structure, overexpressing ezrin induced significant cytoskeletal reorganization in wild-type A549 cells as expected [@B19], especially more filopodia and lamellipodia structures (Figure [3](#F3){ref-type="fig"}F, white arrows). In A549 cells expressing ezrin-C117S, the numbers of pseudopodium were decreased markedly. Interestingly, a pseudopodium-rich phenotype was observed in A549 cells expressing ezrin-C248S. Besides, mutation of both cysteine sites resulted in mature pseudopodia structures and an obvious reorganization of MFs. Notably, the MT structures showed no apparent alternation between each group after the CM stimulation (Figure [3](#F3){ref-type="fig"}F). In summary, ezrin\'s binding to cell membrane depends on Cys^117^ nitrosylation mediated by iNOS, which results in MF reorganization, ultimately promoting the aggressive phenotype of NSCLC cells.

Ezrin Cys^117^ mutation suppresses NSCLC cells invasion and metastasis in vivo
------------------------------------------------------------------------------

To further investigate the effect of Cys^117^-dependent ezrin-SNO on NSCLC cell aggressiveness *in vivo*, we constructed GFP-tagged ezrin-WT, ezrin-C117S, and ezrin-C248S mutated A549 cells.

These cells were then injected into the pleural cavity respectively for the orthotopic implantation assay. The mice receiving ezrin-C117S A549 cells exhibited less spontaneous metastatic signal and distal organ colonization in contrast to ezrin-WT and ezrin-C248S groups (Figure [4](#F4){ref-type="fig"}A). Meanwhile, Liver and lung histology showed that the number of both intrapulmonary and distant metastatic sites in ezrin-WT and ezrin-C248S groups were significantly higher than ezrin-C117S group (Figure [4](#F4){ref-type="fig"}B-C, D-E black arrows), indicating that ezrin-SNO on Cys^117^ is necessary to promote invasion and metastasis of NSCLC cells.

The construction and test of the ezrin tension sensor
-----------------------------------------------------

To test the role of ezrin tension in cell mechanics, we designed a FRET-based tension probe to detect tension in ezrin based on our previous reports [@B16], [@B20]. A FRET module was incorporated within the ezrin backbone which reports the real-time resonant energy transfer during angle twisting of the donor-acceptor pair induced by tension loading onto ezrin (Figure [S2](#SM0){ref-type="supplementary-material"}A-B). In an acceptor bleaching FRET test (FRET-AB), the transient FRET efficiency of the probe is 21.885% (Figure [S2](#SM0){ref-type="supplementary-material"}C). In the fluorescence recovery after photobleaching (FRAP) test, the recovery rates for the ezrin in region of interest (ROI) was 39.10% at 500 s after bleaching (Figure [S2](#SM0){ref-type="supplementary-material"}D). Based on our previous experience, cells generate decreasing or increasing MT/MF forces under hypertonic or hypotonic saline, respectively [@B21]. We challenged the ezrin-M-cpstFRET transfected cells with hypotonic or hypertonic bathes. The CFP/FRET ratio was used to reveal the tension in ezrin. The results showed an increasing trend of ezrin tension under hypotonic condition and decreasing trend under hypertonic condition which indicated a sensitive alternation of ezrin tension (Figure. S2I-J). However, the FRET efficiency of its control probe, ezrin-C-cpstFRET, remained almost constant (Figure [S3](#SM0){ref-type="supplementary-material"}A-B). A-cpstFRET-A and T-cpstFRET-T probes were used for the detection of MF and MT force, respectively. Both of them have been strictly tested in our previous works [@B16], [@B21].

Ezrin-SNO mediates ezrin tension changes in inflammatory microenvironment of NSCLC cells
----------------------------------------------------------------------------------------

In order to identify the alteration of ezrin\'s mechanical properties after S-nitrosylation, a stable A549 cell line expressing ezrin-M-cpstFRET tension sensor was challenged with various cytokine stimuli. Intriguingly, compared with blank control, IL-6, IFN-γ, the CM and 1400W did not affect ezrin tension in the first 15 min (Figure [5](#F5){ref-type="fig"}A-B). However, after 12 h of intervention with IL-6, IFN-γ or the CM, ezrin tension increased compared with that of the blank control group. Co-treatment with the CM and 1400W significantly inhibited ezrin tension and 1400W treatment even decreased ezrin tension below the levels of blank control group (Figure [5](#F5){ref-type="fig"}C-D). These results revealed that ezrin tension is up-regulated after nitrosylation induced by the high iNOS levels and this may correlate with the high aggressiveness of NSCLC cells.

Cys^117^ mutation of ezrin suppresses ezrin tension in response to iNOS activation
----------------------------------------------------------------------------------

To further study the impact of ezrin S-nitrosylation on the mechanical property of the membrane-ezrin-actin apparatus, we mutated relevant cysteine sites (Cys^117^ and Cys^248^) of ezrin in the ezrin-M-cpstFRET probe and tested these new probes (Figure [S2](#SM0){ref-type="supplementary-material"}E-H). Interestingly, in the ezrin-C117S probe transfected A549 cells, the mean CFP/FRET ratio was dramatically decreased in comparison with cells harboring ezrin-WT probe; however, Cys^248^ mutation had no effect on ezrin tension (Figure [5](#F5){ref-type="fig"}E-F), an additional experiment of treating each sable cell line with 1400W for 12 h was performed to determine the role of ezrin-C117S in suppressing ezrin tension. The results showed that 1400W treatment decreased ezrin tension of all three cell lines, suggesting a positive role of basal ezrin-SNO in contributing to the different levels of ezrin tension in different cell lines under control condition (Figure [5](#F5){ref-type="fig"}E-F). We then treated each group with the CM for 12 h. Cells harboring ezrin-WT or ezrin-C248S tension probe showed a higher tension level, while cells harboring the ezrin-C117S tension probe displayed significantly lower tension (Figure [5](#F5){ref-type="fig"}G-H), a parallel test for comparing ezrin tension before and after the CM treatment showed approximately no significant alternation of ezrin tension level in ezrin-C117S cell line (Figure [S3](#SM0){ref-type="supplementary-material"}C-D), suggesting that mutation on Cys^117^ may hamper nitrosylation related tension growth induced by the CM treatment.

To summarize, the Cys^117^ mutation of ezrin decreased basal ezrin tension in A549 cells, and inhibited the increase in ezrin tension after CM stimulation, suggesting the attenuated function of ezrin as a mechanical transducer.

Higher ezrin tension correlates with NSCLC cells aggressiveness
---------------------------------------------------------------

Ezrin contributes to the formation of protrusive structures such as filopodia, lamellipodia, invadopodia [@B22] which are responsible for cancer invasion and migration [@B23]. Meanwhile, these dynamic actin-rich membrane structures also function as mechanosensors to regulate these self-organized structures [@B24]. We performed fluorescent staining to determine the function of ezrin involved in cytoskeleton organization. The overexpression of ezrin increased the formation of filopodia and lamellipodia compared with that in control A549 cells. However, these structures almost disappeared after ezrin knockdown in A549 cells (Figure [S4](#SM0){ref-type="supplementary-material"}A). Conversely, ezrin had little impact on the microtubule structure (Figure [S4](#SM0){ref-type="supplementary-material"}B). These morphological changes suggest an important role of ezrin in reorganizing the microfilament cytoskeleton, possibly alternating malignant behavior.

To better understand the mechanical properties of ezrin during NSCLC cells invasion and metastasis, CXCL12 was used to build an aggressive cell model [@B25], [@B26] which can serve as an ideal tool to study short-term mechanics in cell. We performed time-lapse imaging for 30 min after adding CXCL12 to isotonic saline in A549 cells. The FRET analysis showed that ezrin tension increased gradually, accompanied by increases of MT and MF forces (Figure [6](#F6){ref-type="fig"}A-D).

Meanwhile, we assessed the role of ezrin tension in cancer migration using a wound healing assay combined with FRET analysis. According to the "leader cell" theory [@B27], [@B28], leader cells exhibited a higher level of ezrin tension, while that in the following cells was relatively low (Figure [6](#F6){ref-type="fig"}E-F). Moreover, within the leader cells, cell protrusions had relative higher ezrin tension than the basement membrane (Figure [6](#F6){ref-type="fig"}G-H). These data indicated that A549 cells had acquired higher ezrin tension for aggressive cell motility.

Ezrin tension coordinates with MT/MF force sensitively during NSCLC cells metastasis
------------------------------------------------------------------------------------

MF and MT forces are two major components of intracellular structural tension [@B29], [@B30] and the mechanical interaction between ezrin tension and MT or MF forces remains elusive. To better clarify this relationship, MF depolymerizing agent cytochalasin B (Cyto B) and MT depolymerizing agent nocodazole (Noc) were applied to disrupt cytoskeleton structure and eliminate MF or MT forces. Interestingly, CXCL12 and Cyto B co-treatment decreased ezrin tension. In CXCL12 and Noc co-treated A549 cells, ezrin tension increased more quickly than that treated with CXCL12 alone (Figure [7](#F7){ref-type="fig"}A-B). In addition, depolymerization of MTs and MFs simultaneously caused a sharp reduction in ezrin tension (Figure [7](#F7){ref-type="fig"}A-B). These findings indicate that both MT and MF forces contributed to the regulation of ezrin tension and MF forces, which may function as the major power for ezrin tension increase.

Recently, numerous researches have been done regarding to intracellular force initialized by motor proteins. Motor proteins, consisting of MT-dependent dynein and kinesin together with MF-dependent myosin [@B31]-[@B33], move along microtubules or microfilaments and generate forces contrary to their movement direction. These Forces generated on MT or MF structures are termed \'intracellular structural tension\' [@B29]. Therefore, motor protein inhibitors (Table [S2](#SM0){ref-type="supplementary-material"}) were applied to further reveal the interaction between ezrin tension and MT/MF forces. Ezrin tension increased rapidly combined with the dynein inhibitor ciliobrevin D (Cil D). By contrast, the myosin inhibitor blebbistatin (Bleb) decreased ezrin tension and the kinesin inhibitor ispinesib (Isp) maintained ezrin tension at a constant level (Figure [7](#F7){ref-type="fig"}C-D). Co-treatment with dynein and kinesin inhibitors disturbed the MT forces, resulting in a faster increase in ezrin tension than that in the CXCL12 group. This indicated a restraining effect of MT forces on ezrin tension. Furthermore, when all the three inhibitors were added to the aggressive model, they disrupted both the MT and MF forces, leading to a slight increase in ezrin tension. These results confirmed that MF forces contributed to the major power for ezrin tension (Figure [7](#F7){ref-type="fig"}C-D).

Therefore, both the MT and MF forces are involved in modulating of ezrin tension during NSCLC cells motility and MF forces seem to play a dominant role in regulating ezrin tension regulation. The MT and MF forces exerted an antagonistic relationship and their resultant force resulted in increased ezrin tension which correlates with NSCLC aggressiveness.

Ezrin-SNO facilitates mechanical forces transduction
----------------------------------------------------

Since ezrin-SNO promotes ezrin recruitment to the membrane, it is necessary to test whether ezrin-SNO could change the mechanical properties of membrane-ezrin-microfilament apparatus. Therefore, we induced nitrosylation in cells expressing ezrin-WT, ezrin-C248S, and ezrin-C117S tension probes, respectively, and then challenged these cells with CXCL12. Interestingly, nitrosylated ezrin appeared more sensitive to CXCL12 treatment: The ezrin tension increased more rapidly compared with that in cells with wild-type ezrin. For ezrin-C117S, CXCL12 treatment after nitrosylation induced a slow increase in ezrin tension. By contrast, nitrosylation didn\'t show any changes of ezrin tension in A549 cells whether expressing mutant ezrin-C248S tension probe or wild-type ezrin (Figure [8](#F8){ref-type="fig"}A-B).

To test the interactions between MF/MT forces and ezrin tension after nitrosylation, we applied MT and MF depolymerizing agents again. After co-treatment with CXCL12 and Noc, nitrosylated ezrin induced increased tension similar to CXCL12 treatment alone. Moreover, descended tension of nitrosylated ezrin was observed after treatment by CXCL12 with Cyto B. Nevertheless, treating nitrosylated cells with both Cyto B and Noc induced a slower decrease in ezrin tension compared with that in non-nitrosylated cells (Figure [8](#F8){ref-type="fig"}C-D).

Motor molecular inhibition experiments showed that ezrin tension increased after co-treatment with CXCL12 and two MT-related motor inhibitors at a slightly faster rate than treating with CXCL12 alone (Figure [8](#F8){ref-type="fig"}E-F). Moreover, the myosin inhibitor Bleb decreased ezrin tension. However, when all three kinds of motor proteins were inhibited, ezrin tension was down-regulated (Figure [8](#F8){ref-type="fig"}E-F).

These finding suggested a closer interaction between ezrin tension and MF forces after nitrosylation, inversely, MT force exhibited less impact on ezrin tension modulation. As a result, ezrin tension augment during CXCL12 stimulation reached a higher level, possibly representing a higher aggressiveness.

Discussion
==========

Protein S-nitrosylation is involved in various cancer progression [@B34]-[@B37]. In lung cancer, the complex inflammatory microenvironment results in abundant iNOS expression, [@B5], [@B6], [@B38] facilitating nitrosylation of various proteins. In the present study, we showed that ezrin-SNO was positively related to aggressiveness of NSCLC cells and poor clinical outcome of patients. The experimental evidence allowed us to hypothesize that S-nitrosylation-related up-regulation of ezrin function is correlated with the aggressive behavior of NSCLC cells.

In normal lung tissue and A549 cells, low levels of ezrin-SNO were detected (Figure [1](#F1){ref-type="fig"}C-D, Figure [2](#F2){ref-type="fig"}C-D, Figure [S1](#SM0){ref-type="supplementary-material"}A-B), suggesting a physiological role of ezrin-SNO in cell biology. With the gradual recognition of protein nitrosylation in pulmonary physiology, aberrant level of nitrosylated proteins in lung carcinoma have received more attention [@B38]. The nitrosylation of ezrin is target-selective, and our experiments revealed that Cys^117^ of ezrin was the only active site accepting a NO group. Ezrin Cys^117^ seems to be a potential target to regulate NSCLC cells invasion and metastasis.

As a linker between the membrane and microfilaments, ezrin is involved in intracellular mechanical activities that are important in cancer motility [@B13]. The development of a FRET-based ezrin tension probe made it possible to collect real-time data and precisely assess its mechanical activity in live cells. During NSCLC cells invasion and metastasis, ezrin tension was relatively high (Figure [6](#F6){ref-type="fig"}). Ezrin is considered as a marker for malignancy and poor prognosis, and as a major component of aggression-related structures, such as filopodia, lamellipodia, and invadopodia. Therefore, we speculated that high ezrin tension would correlate with malignant motilities and the formation of aggressive structures in NSCLC cells.

Ezrin, as a linker protein, is unable to generate forces. Therefore, it is necessary to investigate the derivation of ezrin tension. Cytoskeleton depolymerization and motor inhibition experiments suggested that MF, but not MT, forces exert the major power for increased ezrin tension (Figure [7](#F7){ref-type="fig"}). The close relationship between MFs and ezrin structure make it easy to understand that MF forces are the most important regulator of ezrin tension. However, unexpectedly, MT forces also participated in the regulation of ezrin tension. Indeed, the mutual interaction between MTs and ERM proteins has been reported [@B39]. The connection of MFs and MTs via intermediate filaments and other linker proteins maintains cytoskeletal integrity for mechanical transduction [@B40]. Therefore, it is possible that MT forces have a direct or indirect impact on ezrin tension. Notably, MF forces exhibited an antagonistic reciprocity with MT forces in modulating ezrin tension (Figure [7](#F7){ref-type="fig"}). Meanwhile, ezrin-SNO tended to translocate to the cell membrane (Figure [3](#F3){ref-type="fig"}E), and the mechanical interaction between ezrin and MFs seemed to be more intimate (Figure [8](#F8){ref-type="fig"}C-F). Furthermore, nitrosylated ezrin exhibited a more sensitive response to CXCL12 treatment, with a faster and larger tension increase. These data suggested that NSCLC cells acquired better plasticity in response to chemokine-associated mechanical effect after ezrin-SNO. Recent studies using atomic force microscope (AFM) revealed that many kinds of cancer cells such as breast [@B41], lung [@B42], liver[@B43] and ovarian[@B44] cancer usually appear with an decreased Young\'s modulus, which represents softness of cells during transformation from the non-malignant stage to the aggressive stage or from normal cells to pre-malignant and malignant cells. MFs and MTs act as master regulators of cell shape [@B45], [@B46] and MTs function to withstand compressing forces from the cell cortex [@B47] , which are generated by actomyosin networks [@B48]. Therefore, considering the nucleus as the center of a cell, MTs intend to generate an outward force, while the actin cortex generates an inward force. The joint effect of outward MT and inward MF forces controls the cell shape and plasticity. In cancer cells with a malignant phenotype, up-regulated ezrin-SNO could promote membrane-MF interactions as anchors, such that MF forces could exert more efficient contractility on the membrane. As a result, inward MF forces are capable to compress outward MT forces, finally reaching a new balance, in which the cell membrane becomes more flexible and easier to invade and metastasize. Collectively, this pathological alteration correlating with ezrin-SNO might facilitate cellular mechanical transduction and promote NSCLC cells invasion and metastasis.

Cancer cell invasion and migration underlie metastatic dissemination, which is one of the major problems in cancer. In the present study, ezrin demonstrated a high relevance to cancer motility from the perspective of subcellular structural tension. According to the data obtained from traction force microscopy, during collective migration, there is a force gradient from the leading edge to the rear of the cell collective which was termed the \'tug-of-war model\' and leader cells undertakes a higher traction force [@B49]. Similarly, our study showed that leader cells exhibited a higher ezrin tension compared with that in following cells, and acted as a locomotive power for multicellular migration (Figure [6](#F6){ref-type="fig"}E-F). Besides, ezrin tension in cell protrusions toward the migration direction reached a relatively high level, while ezrin tension in the basement membrane was relative low (Figure [6](#F6){ref-type="fig"}G-H). Ezrin promotes membrane blebbing [@B50] which are precursors of mature membrane structures such as filopodia and lamellipodia [@B51]. Moreover, enhanced MF forces are distributed along the free edges of leader cells and inhibition of MF forces can suppress leading cell formation [@B52]. Collectively, we speculated that leader cells are also characterized by enhanced subcellular tension, and the formation of membrane protrusions may be highly related to enhanced ezrin tension, which is mainly regulated by MF forces. Cancer cells, especially leader cells, need to generate high levels of intracellular force in leading positions to overcome resistance outside the cells.

With regard to individual cell migration, the present study suggested a positive role of subcellular mechanics, especially ezrin tension, in promoting cancer motility (Figure [6](#F6){ref-type="fig"}A-D). Actually, both MT and MF forces are involved in different phases of cell migration [@B46], [@B53]. However, according to our results, MF forces act as the major modulator of ezrin tension, which is relevant to cancer motility. Enhanced MF forces have been reported to participate in membrane protrusion formation [@B54], which results in individual cell migration. Recent studies concerning individual cell migration have revealed a complex process which is described as \'mesenchymal-amoeboid plasticity\' [@B55]. We attempted to extend our findings and analyze the function of MF forces together with ezrin tension in membrane protrusion formation. The first step is the formation of membrane blebs which depends on either local membrane detachment or cortex rupture [@B56]. As a result, a softening of the local cortical periphery occurs. Thereafter, activated Rho-ROCK and Cdc42-MRCK signaling enhance myosin II-based contractile forces [@B53]. This increased trend of MF forces was detected (Figure [6](#F6){ref-type="fig"}A-B). Meanwhile pulling by the enhanced MF force, ezrin tension increased gradually (Figure [6](#F6){ref-type="fig"}A, D). The increased MF forces could generate a local high pressure area, which act as the driving force to squeeze the softened cell surface into a bleb that bulges out of cell body. Subsequently, local pressure continues to drive bleb expansion and the flow of cytosol into the bleb increases its volume [@B54]. To sustain the shape change, the conserved and rigid MT structures [@B45] begin to exert tractive forces, consequently generating antagonistic MT forces to restrain MF forces, as well as ezrin tension. However, because of the different magnitude of the forces, the MF forces overwhelm the MT forces, leading to a continuously extending cell protrusion, as well as a relatively high ezrin tension (Figure [6](#F6){ref-type="fig"}A). With the rapid assembly of actomyosin networks [@B54], mature structures begin to take shape.

Conclusions
===========

This study provides evidence that nitrosylation of ezrin may promote NSCLC aggressiveness as a mechanical mediator. The interaction between membrane proteins and ezrin tension, as well as the mechanism of membrane-to-cytoskeleton mechanical signaling in cancer motility, warrants further examination. Besides, drug development strategies targeting ezrin-SNO and its mechanical transduction may represent potential therapeutic approaches to inhibit NSCLC progression and may open new perspectives for the treatment of cancer.
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![**Clinical outcome of patients expressing ezrin and iNOS, and NSCLC have high levels of ezrin-SNO. (A)** Kaplan-Meier plots of overall survival of patients with squamous carcinoma and adenocarcinoma. **(B)** Log-rank test between each two groups in squamous carcinoma and adenocarcinoma cases (p value were listed in the table). **(C)** Biotin-switch analysis of ezrin-SNO level in fresh NSCLC tissue (situ) and adjacent normal tissue (para). **(D)** Quantitative analysis from the above of ezrin-SNO/ ezrin ratio in NSCLC tissues and matched normal tissues (n = 20).](thnov09p2555g001){#F1}

![**Ezrin-SNO level correlates with malignant behaviors of A549 cells. (A)** Representative images of the invasion of A549 cells treated with IL-6, IFN-γ, the CM, the CM+1400W, and 1400W (left panel). **(B)** Representative images of the migration of A549 cells grouped and treated with reagents as in **(A)** (left panel). Cell invasion and migration are expressed as a percentage of blank control (right panel) (mean ± SD, n = 3 experiments). **(C)** Levels of ezrin-SNO in cells treated with IL-6, IFN-γ , and the CM. **(E)** Levels of ezrin-SNO in cells treated with the CM, the CM+1400W, 1400W, and L-NMMA.**(G)** Levels of ezrin-SNO in cells treated with the CM in a time-dependent manner.**(D), (F), and (H)** Relative ezrin-SNO/ezrin ratio was normalized to control value (mean ± SD, n = 3 experiments). One-way ANOVA was used for single-factor sample comparisons. \*P \< 0.05, \*\*P \< 0.01 and \*\*\*P \< 0.001 for comparison between each group.](thnov09p2555g002){#F2}

![**Cys^117^ is the only active site for ezrin-SNO and correlates with malignant behavior. (A)** Levels of ezrin-SNO in cells harboring ezrin-WT, ezrin-C117S, and ezrin-C248S in the presence or absence of cytokine mixture. **(B)** The relative ezrin-SNO/ezrin ratio was normalized to control value (mean ± SD, n = 3 experiments). **(C)** Representative images of the invasion of the wild-type ezrin and ezrin mutation cell lines treated with the CM (left panel). **(D)** Representative images of the migration of A549 cell lines grouping and treating as in **(C)** (left panel). Cell invasion and migration are expressed as a percentage of control (right panel) (mean ± SD, n = 3 experiments). **(E)** Representative images of ezrin distribution in cells harboring ezrin-WT, ezrin-C117S, and ezrin-C248S after the CM treatment (TRITC-stained ezrin, red; nucleus, blue; white arrows: the recruitment of ezrin to the cell membrane). **(F)** Representative images of MT and MF structures in cells harboring ezrin-WT, ezrin C117S, ezrin C248S, and ezrin-both after the CM treatment (FITC-stained MFs, green; TRITC-stained MTs, red; nucleus, blue; white arrows: filopodia and lamellipodia structures). Scale bar: 10 μm. One-way ANOVA was used for single-factor sample comparisons. \*P \< 0.05, \*\*P \< 0.01 and \*\*\*P \< 0.001 for comparison between each group.](thnov09p2555g003){#F3}

![**Ezrin Cys^117^ correlates positively with NSCLC invasion and metastasis in vivo. (A)** For the orthotopic implantation assay, bioluminescent images of systemic metastases in nude mice with ezrin-WT, ezrin-C117S, and ezrin-C248S A549 cells are shown. The ex vivo organ metastases including those in the lungs, liver, brain, spleen, heart, kidney, stomach, small intestine, and colon were also presented.**(B)** Representative images of H&E-stained histological sections of lungs from nude mice in the orthotopic implantation assay (black arrows: metastatic nodules). **(C)** Box plot showing the numbers of lung nodules from the corresponding mice (mean ± SD, n = 8). **(D)** Representative images of H&E-stained histological sections of livers from nude mice in the orthotopic implantation assay (black arrows: metastatic nodules). **(E)** Box plot showing the numbers of liver metastatic nodules from the corresponding mice (mean ± SD, n = 8). Pseudocolor heat-maps indicate the intensity of bioluminescence from low (purple) to high (red) (mean ± SD, n = 8). One-way ANOVA was used for single-factor sample comparisons. \*\*\*P \< 0.001 compared with ezrin-WT.](thnov09p2555g004){#F4}

![**Ezrin-SNO on Cys^117^ results in an enhanced ezrin tension. (A)** Time-lapsing imaging of ezrin-tension in cells treated with IL-6, IFN-γ, the CM, and 1400W for 15 min, respectively. **(B)** Normalized signals corresponding to ezrin tension versus time (mean± SEM, n ≥ 5). **(C)** Representative images of FRET analysis of cells treated with IL-6, IFN-γ, the CM, and the CM+1400W for 12 h. **(D)** The means of CFP/FRET ratios are shown (mean± SD, n = 50).**(E)** Representative images of FRET analysis of stable A549 cells expressing ezrin-M-cpstFRET, ezrin-C117S-cpstFRET, and ezrin-C248S-cpstFRET probes in both control condition and after treating with 1400W for 12 h. **(G)** Representative images of stable A549 cells expressing ezrin-M-cpstFRET, ezrin-C117S-cpstFRET, and ezrin-C248S-cpstFRET probes treated with the CM for 12 h. **(F) and (H)** The means of CFP/FRET ratios are shown (mean± SD, n = 50). One-way ANOVA was used for single-factor sample comparisons. \*\*\*P \< 0.001 compared with the wild-type ezrin group. Scale bar, 10 μm. The calibration bar: 0.8 to 2.8.](thnov09p2555g005){#F5}

![**High ezrin tension promotes NSCLC aggressiveness. (A)** 30-min time-lapsing images of FRET analysis in cells expressing A-cpstFRET-A, T-cpstFRET-T, and ezrin-M-cpstFRET probe, respectively, after CXCL12 treatment. The calibration bar: 0.1 to 1.5 for the A-cpstFRET-A and T-cpstFRET-T probes; 0.8 to 2.8 for the ezrin-M-cpstFRET probe. **(B), (C), and (D)** Normalized signals corresponding to MF force, MT force, and ezrin tension versus time, respectively (mean± SEM, n ≥ 5). **(E)** Representative images of wound healing assays for cells expressing the ezrin-M-cpstFRET probe. The CFP/FRET ratio images of cells in five different positions are presented. **(F)** A scatter diagram showing the mean CFP/FRET ratio of both leader cells and following cells. Two-tailed Student\'s t-test was used for the analysis. \*\*\*P \< 0.001 compared with the leader cells group. **(G) and (H)** Two protrusion areas (P1 and P2) and one basement area (Base) of the leader cell in **(E)** were selected for pixel count distribution analysis. The CFP/FRET ratio images are presented (The calibration bar: 0.8 to 2.8.) scale bar, 10 μm.](thnov09p2555g006){#F6}

![**MT and MF forces regulate ezrin tension sensitively during NSCLC metastasis. (A)** 30-min time-lapsing images of FRET analysis in cells expressing the ezrin-M-cpstFRET probe after treating with Cyto B, Noc, and Cyto B + Noc, respectively. **(C)** 30-min time-lapsing images of FRET analysis in cells expressing ezrin-M-cpstFRET probe after treating with CXCL12 in combination with Cil D, Isp, Bleb, Cil D + Isp, and Cil D + Isp + Bleb, respectively.**(B) and (D)** Normalized signals corresponding to ezrin tension versus time under different stimuli (mean± SEM, n ≥ 5). Scale bar, 10 μm. The calibration bar: 0.8 to 2.8.](thnov09p2555g007){#F7}

![**Ezrin-SNO contributes to more efficient mechanical transduction between the cell membrane and MF forces. (A)** After the induction of nitrosylation, ezrin-M-cpstFRET, ezrin-C117S-cpstFRET and, ezrin-C248S-cpstFRET cell lines were treated with CXCL12 for 30 min. **(C)** After the induction of nitrosylation, ezrin-M-cpstFRET cell line was treated with Cyto B, Noc or Cyto B and Noc for 30 min, respectively. **(E)** After the induction of nitrosylation, ezrin-M-cpstFRET cell lines probe were treated with CXCL12 in combination with Bleb, Cil D and Isp or Cil D, Isp and Bleb together for 30 min, respectively. **(B), (D), and (F)** Normalized signals corresponding to ezrin tension versus time, under different stimuli (mean± SEM, n ≥ 5). Scale bar, 10 μm. The calibration bar: 0.8 to 2.8.](thnov09p2555g008){#F8}
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